Release of phosphorothioate antisense oligonucleotides (PS-ASOs) from late endosomes (LEs) is a rate-limiting step and a poorly defined process for productive intracellular ASO drug delivery. Here, we examined the role of Golgi-endosome transport, specifically M6PR shuttling mediated by GCC2, in PS-ASO trafficking and activity. We found that reduction in cellular levels of GCC2 or M6PR impaired PS-ASO release from endosomes and decreased PS-ASO activity in human cells. GCC2 relocated to LEs upon PS-ASO treatment, and M6PR also co-localized with PS-ASOs in LEs or on LE membranes. These proteins act through the same pathway to influence PS-ASO activity, with GCC2 action preceding that of M6PR. Our data indicate that M6PR binds PS-ASOs and facilitates their vesicular escape. The co-localization of M6PR and of GCC2 with ASOs is influenced by the PS modifications, which have been shown to enhance the affinity of ASOs for proteins, suggesting that localization of these proteins to LEs is mediated by ASO-protein interactions. Reduction of M6PR levels also decreased PS-ASO activity in mouse cells and in livers of mice treated subcutaneously with PS-ASO, indicating a conserved mechanism. Together, these results demonstrate that the transport machinery between LE and Golgi facilitates PS-ASO release.
INTRODUCTION
Antisense oligonucleotide (ASO) drugs hybridize with target RNAs and modulate gene expression through different post-RNA binding mechanisms (1) (2) (3) . Properly designed ASOs can downregulate gene expression via RNase H1dependent RNA degradation or by triggering nonsense mediated decay or no-go decay (4) (5) (6) . ASOs can also be designed to increase gene expression by modulating splic-ing, nonsense-mediated mRNA decay or translation (7) (8) (9) (10) . Commonly used ASOs are modified with phosphorothioate (PS) backbones and 2 -modifications to increase stability, distribution into tissues and cells, and pharmacological properties. PS-ASOs are active in the cytoplasm and/or the nucleus where the target RNA is localized (11) .
PS-ASOs enter cells primarily via the endocytic pathways (12) . PS-ASO internalization mediated by cell-surface receptors can direct PS-ASOs to productive pathways through which PS-ASOs can act on target RNAs (13) (14) (15) (16) (17) . PS-ASOs can also enter cells through non-productive pathways, e.g. macropinocytosis. Previous studies have shown that internalized PS-ASOs are transported into early endosomes (EEs) within 10-20 min, into late endosomes (LE) within 20-50 min and localize to lysosomes within 40-60 min (18) . However, PS-ASO activity is observed only after 6-8 h after free uptake, indicating a relatively slow release of PS-ASOs from endocytic pathways (16) . Not surprisingly, decreased PS-ASO activity is observed upon inhibition of major endocytic transport pathways by reduction of the expression of Rab5C, an EE protein required for maturation of EEs to LEs or of Rab7, a protein required for LE maturation (19) . It appears that LEs or multivesicular bodies (MVBs) are major sites for productive PS-ASO release (12, 16, (20) (21) (22) . However, only a small portion of internalized PS-ASOs are released into the cytosol and/or nucleus from the membraned endocytic organelles (23) . A better understanding of how PS-ASOs are released from endosomes will facilitate design of ASOs to improve drug performance through enhanced PS-ASO release from these organelles.
Previously we demonstrated that a number of proteins are recruited to LEs in cells incubated with PS-ASOs and that some of these proteins affect PS-ASO activity (24) . For example, TCP1 and ANXA2 localize to LEs after cells are treated with PS-ASOs, and reductions in levels of these proteins reduce PS-ASO activity (18, (24) (25) . Furthermore, PS-ASOs localize in intralumenal vesicles (ILVs) inside LElimiting membranes (20, 22) , and ANXA2 co-localizes with PS-ASOs in ILVs (18) . Based on these and other observa-tions, it has been proposed that PS-ASO release from LEs can occur through multiple pathways that co-exist and that may act in parallel (12, 16, 26) . For example, membrane flipflop may cause PS-ASOs inside LEs to be exposed to the cytosol (27) , protein interactions with LE membranes may trigger membrane deformation and PS-ASO leakage (18) , and PS-ASO release may also occur when ILV membranes fuse with the limiting membranes of LEs via a back-fusion process (22) .
Coat protein complex II (COPII) vesicles, which are derived from the endoplasmic reticulum (ER), are required for transport of membrane and secreted proteins from the ER to the Golgi (28) . In cells incubated with PS-ASOs, COPII vesicles can be re-directed to LEs, where these vesicles facilitate PS-ASO release (26) . COPII localization to LEs depends on P115 and STX5, which are normally required for the tethering and fusion of COPII with Golgi membranes (29, 30) . STX5 can also re-localize to LEs upon PS-ASO incubation, in a process likely mediated by binding of the PS-ASO to STX5 (26) . These findings prompted us to evaluate whether other intracellular transport pathways also mediate PS-ASO trafficking and endosomal release. One such important pathway transports cargo between the LEs and the trans-Golgi network (TGN).
Newly synthesized hydrolases are transferred from the ER to the cis-Golgi, where these proteins are modified by mannose-6-phosphate (M6P) addition (31) . The M6Ptagged hydrolases are transferred to the trans-Golgi, bound by the M6P receptor, M6PR and then transported to LEs in the form of vesicles (32) . After vesicle fusion with LEs, M6PR proteins dissociate from hydrolases due to the low pH in LE lumen. The hydrolases are delivered to lysosomes, whereas M6PR buds off from the LE membrane as vesicles and returns to TGN (33) . During this process, GCC2, a TGN-localized peripheral membrane protein, tethers incoming M6PR vesicles to TGN membranes (34) (35) (36) . Deletion mutations in GCC2 or siRNA-mediated reduction of GCC2 expression impair M6PR tethering to the TGN and lead to scattered localization of M6PR in the cytoplasm (36) .
Two distinct M6PR proteins have been identified that exhibit cation-dependent (M6PR-CD) or cation-independent (M6PR-CI) optimal binding to ligands (37, 38) . Both proteins have a short C-terminal cytosolic domain adjacent to a transmembrane domain. The N-terminal regions are extracytoplasmic and contain M6P-binding sites. M6PR-CI has 15 repetitive units at the extracytoplasmic domain, whereas M6PR-CD has one such unit (39) . These two proteins appear to have different functions in transport of substrates, and M6PR-CI seems to handle most of the LE to TGN trafficking (39, 40) . Most M6PR proteins are present at TGN, but some are localized at plasma membrane (38) . However, only M6PR-CI is capable of binding and internalizing extracellular lysosomal enzymes (40) . Given the important roles that M6P and M6PR play in cells, we reasoned that it is possible that M6PR-mediated transport influences PS-ASO release from LEs, where PS-ASOs accumulate.
In this study, we characterized the roles of the LE to TGN transport pathway in PS-ASO trafficking and activity. We found that GCC2 and M6PR are required for PS-ASO activity in different human cells. In cells incubated with PS-ASO, GCC2 re-localized to LEs and co-localized with PS-ASOs in ILVs inside LEs. In addition, M6PR-CI localization to LEs was enhanced upon treatment of cells with PS-ASOs, and M6PR-CI co-localized with PS-ASOs both inside and on the membranes of LEs. Co-localization of GCC2 or M6PR with PS-ASO at LEs is most likely mediated by ASO-protein interactions. Importantly, we found that GCC2 and M6PR facilitated PS-ASO release from LEs, likely via vesicular PS-ASO escape and back-fusionmediated processes. Further, we showed that M6PR-CI was required for PS-ASO activity in mouse cells and in mice. Together our results demonstrate that the LE to TGN trafficking pathway mediates PS-ASO release from LEs, furthering our understanding of the complex mechanisms that influence ASO activity in cells.
MATERIALS AND METHODS
siRNAs and primer probe sets ( Supplementary Table S1 ), antibodies ( Supplementary Table S2 ) and ASOs (Supplementary Table S3 ) are listed in Supplementary Data.
Cell culture and ASO treatment
HeLa, A431, HepG2 and GFP-Rab7-expressing SVGA cells (a gift from Tomas Kirchhausen's lab) were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 0.1 g/ml streptomycin and 100 units/ml penicillin. ASGRexpressing Hek293 cells were grown in DMEM medium as described above and supplemented with 0.2 mg/ml hygromycin. MHT cells were grown as described previously (20) . Cells were seeded at 70% confluency one day before transfection. siRNAs were transfected at 3 nM final concentration into HeLa cells or at 10 nM final concentration for A431 cells using Lipofectamine RNAiMAX (Life Technologies), according to the manufacturer's protocol. At 48 h after siRNA transfection, cells were reseeded into 96-well plates for ASO activity or uptake assays or were seeded into collagen-coated glass-bottom dishes (MatTek) at 70% confluency for immunofluorescent staining.
ASO activity assay
Cells treated with control siRNAs or target-specific siRNAs were trypsinized and reseeded into 96-well plates at about 8000 cells per well for HeLa cells and about 15 000 cells per well for A431 cells. Cells were cultured overnight before ASO treatment. For free uptake, ASOs were directly added to the medium at different final concentrations, and cells were cultured for an additional 16-24 h before collection. For transfection, cells were transfected with ASOs for 4 h using Lipofectamine 2000 (Life Technologies) as per the manufacturer's protocol. Total RNA was prepared, and levels of ASO-targeted RNAs were quantified using qRT-PCR.
RNA preparation and qRT-PCR
Total RNA was prepared using a RNeasy mini kit (Qiagen) from cells grown in 96-well plates using the manufacturer's protocol. qRT-PCR was performed in triplicate using TaqMan primer probe sets as described previously (25) .
Briefly, ∼50 ng total RNA in 5 l water was mixed with 0.3 l primer probe sets containing forward and reverse primers (10 M of each) and fluorescently labeled probe (3 M), 0.5 l RT enzyme mix (Qiagen), 4.2 l RNase-free water, and 10 l of 2 × polymerase chain (PCR) buffer in a 20 l reaction. Reverse transcription was performed at 48 • C for 10 min, followed by 94 • C for 10 min, and then 40 cycles of PCR were conducted at 94 • C for 30 s, and 60 • C for 30 s within each cycle using the StepOne Plus RT-PCR system (Applied Biosystems). The mRNA levels were normalized to the amount of total RNA present in each reaction as determined for duplicate RNA samples using the Ribogreen assay (Life Technologies). Statistical analyses were performed from three independent experiments using Prism with either t-test or F-test for curve comparison based on non-linear regression (dose-response curves) for XY analyses, using equation 'log(agonist) versus normalized response--variable slope'. The Y axis (relative level) was used as the normalized response.
Western analyses
Cell pellets were lysed by incubation at 4 • C for 30 min in RIPA buffer (50 mM Tris-HCl, pH 7.4, 1% Triton X-100, 150 mM NaCl, 0.5% sodium deoxycholate and 0.5 mM ethylenediaminetetraacetic acid (EDTA)). Proteins were collected by centrifugation. Approximately 20-40 g protein were separated on 6-12% NuPAGE Bis-Tris gradient sodium dodecyl sulphate-polyacrylamide gelelectrophoresis gels (Life Technologies), and transferred onto polyvinylidene difluoride (PVDF) membranes using the iBLOT transfer system (Life Technologies). The membranes were blocked with 5% non-fat dry milk in 1 × PBS at room temperature for 30 min. Membranes were then incubated with primary antibodies at room temperature for 2 h or at 4 • C overnight. After three washes with 1 × PBS, the membranes were incubated with appropriate HRP-conjugated secondary antibodies (1:2000) at room temperature for 1 h to develop the image using Immobilon Forte Western HRP Substrate (Millipore).
Immunofluorescence staining and confocal imaging
Cells were washed with 1 × phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde for 0.5-1 h at room temperature, and permeabilized for 4 min with 0.1% Triton in 1 × PBS. After blocking at room temperature for 30 min with 1 mg/ml bovine serum albumin (BSA) in 1 × PBS, cells were incubated with primary antibodies (1:100-1:300) in 1 mg/ml BSA in 1 × PBS for 2-4 h, washed three times (5 min each) with 0.1% nonyl phenoxypolyethoxylethanol-40 (NP-40) in 1 × PBS and incubated for 1 h with secondary antibody conjugated with fluorophores (1:200). After washing three times, cells were mounted with antifade reagent containing DAPI (Life Technologies), and images were acquired using confocal microscope (Olympus FV-1000) and processed using FV-10 ASW 3.0 Viewer software (Olympus). Z-stacks were generated from images taken for 20-30 sections at 0.1-0.11 m depth per section, and 3D images were generated using FV-10 ASW-3.0 viewer. For staining within 2 h of ASO addition, cells were washed three times with acidic buffer (0.1 M acetic acid, 500 mM NaCl) and one time with 1 × PBS, to remove cell surface-associated ASOs before fixation. Quantification of co-localization events was performed manually from 20 cells by counting foci stained with both antibodies that had clearly defined boundaries and that were not saturated. Statistics analysis was performed using an unpaired t-test using Prism software.
For live cell imaging, GFP-Rab7-expressing SVGA cells grown in glass-bottom dishes were incubated with 2 M PS-ASO 446654 for 6 h. For GFP-M6PR-CD expression, plasmid (RG201277, Origene) was transfected into HeLa cells for 24 h. Cells were reseeded into glass-bottom dish and incubated for ON. Cells were then incubated with 2 M PS-ASO 446654 for 6 h. Medium was changed to pre-warmed FluoroBrite DMEM Media (Life Technologies), and images were taken at 15-s intervals for 15 min. Movies and images were generated using FV-10 ASW 3.0 Viewer software.
ASO uptake analysis
HeLa cells treated with different siRNAs for 48 h were reseeded into 96-well plates, incubated overnight, and Cy3labeled PS-ASO 446654 was added to the medium. After 3 h, cells were washed three times with 1 × PBS, trypsinized, and pelleted by centrifugation. Cell pellet was washed once with 1 × PBS supplemented with 3% FBS, to remove residual medium and external ASOs. Cells were resuspended in 1 × PBS supplemented with 3% FBS for analysis by flow cytometry using an Attune NxT Flow Cytometer (Ther-moFisher Scientific).
ASO endosomal transport study
Cells were incubated with 2 M Cy3-labeled PS-ASO 446654 on ice for 20 min and then shifted to 37 • C for 25 min to allow the PS-ASOs to enter cells and traffic to EEs or to 37 • C for 45 min to allow PS-ASOs to traffic to LEs. Cells were then washed, permeabilized, and fixed as described for immunofluorescent staining. EE and LEs were stained with EEA1 and Rab7, respectively. For quantification, PS-ASOcontaining EEs or LEs were counted manually in approximately 20 cells, and the percentages of PS-ASO-containing endosomes relative to total numbers of the corresponding endosomes were calculated.
NanoBRET binding assay
N-terminal NLuc fusions were created using the vector pFN31K Nluc CMV-neo (Promega). Briefly, M6PR-CD was amplified from plasmid RG201277 (Origene) using PCR primers complementary to the full-length cDNA. The forward PCR primer (5 -GCATTCGACTCGAGCA TGTTCC CTTTCTACAGCTGCT) and reverse primer (5 -TCGAATGCGAATTCCTACTACATTG GTAATA AATGGTCATCC) were used for PCR reaction. The PCR product was ligated to XhoI and EcoRI sites of the pFN31K Nluc CMV-neo vector, as described previously (26) . Fusion proteins were expressed by transfecting the plasmid into 6 × 10 5 HEK 293 cells using Effectene transfection reagent (Qiagen) according to the manufacturer's protocol. Following a 24-h incubation, cells were removed from the plate by trypsinization, washed with 1 × PBS, and resuspended in 250 l Pierce IP Lysis Buffer (Thermo Scientific). Lysates were incubated 30 min at 4 • C while rotating, then debris was pelleted by centrifugation at 15 000 rpm for 5 min. The fusion protein was purified by adding 20 l His-Pur Ni-NTA Magnetic Beads (Thermo Scientific) and 10 mM imidazole then incubating at 4 • C for 2 h. Beads were washed times with 1 × PBS, 10 mM imidazole and 0.01% Tween-20. Fusion protein was eluted from the beads in 100 l 1 × PBS and 200 mM imidazole, followed by dilution with of 200 l IP buffer.
BRET assays were performed in white 96-well plates as previously described (41) . Alexa-linked ASO 766634 was incubated at room temperature for 15 min in 1× binding buffer (100 mM NaCl, 20 mM Tris-HCl, pH 7.5 or different pH as indicated in Figures, 1 mM EDTA and 0.1% NP-40) with 10 6 RLU/well of Ni-NTA-purified NLuc fusion protein. Following the incubation, NanoGlo substrate (Promega) was added at 0.1 l/well. Readings were performed for 0.3 s using a Glomax Discover system using 450/8 nm band pass for the donor filter, and 600 nm long pass for the acceptor filter. BRET was calculated as the ratio of the emission at 600/450 nm (fluorescent excitation emission/RLU).
Animal study
Animal experiments were performed according to American Association for the Accreditation of Laboratory Animal Care guidelines and were approved by the institution's Animal Welfare Committee (Cold Spring Harbor Laboratory s Institutional Animal Care and Use Committee guidelines). Seven-week-old male BALB/c mice were given 15 mg/kg control PS-ASO 716837, M6PR-CD PS-ASO 1332272 or M6PR-CI PS-ASO 1332273 by subcutaneous injection. After 48 h, mice were given another injection of the same ASOs at the same dose. At 72 h after last dose, animals were given SRB1 PS-ASO 353382 at 0 (saline), 3.75, 7.5, 15 or 30 mg/kg (N = 3 for each dose) by subcutaneous injection. After 24 h, mice were sacrificed, and blood or tissue samples were collected. For PTEN PS-ASO activity assay, animal studies were performed essentially as described above, except that mice were treated with the PTEN PS-ASO 116847 at 0 (saline), 3.7, 11.1, 33.3 or 100 mg/kg (N = 3 for each dose) in animals pre-treated with control PS-ASO, M6PR-CD PS-ASO 1332272 or M6PR-CI PS-ASO 1332273. All animals were included in the analyses. Total RNA or proteins were prepared from mouse liver. The levels of M6PR-CD, M6PR-CI, SRB1 and PTEN mRNAs were determined by qRT-PCR. M6PR-CI protein was detected by western analysis.
RESULTS

Reduction of GCC2 decreases PS-ASO activity upon free uptake
To evaluate whether the transport pathway between LE and TGN influences PS-ASO activity, A431 cells were treated with an siRNA designed to deplete cells of GCC2, a trans-Golgi protein required for transport of M6PR from LEs to the TGN (34) . The levels of GCC2 mRNA were dramatically reduced by siRNA treatment as quantified by qRT-PCR ( Figure 1A ). GCC2 protein was evaluated by immunofluorescence staining ( Figure 1B ), since we attempted but failed to detect GCC2 protein by western analysis using several different antibodies. In control cells, GCC2 was observed in the Golgi, consistent with a previous report (42) . In cells treated with GCC2-specific siRNA, the intensity of staining was dramatically decreased, suggesting that GCC2 protein levels were reduced by the siRNA treatment.
The control or GCC2-depleted cells were treated via free uptake with PS-ASOs designed to reduce NCL or Drosha mRNA through RNase H1 cleavage. Unless specified, the PS-ASOs used in this study are 20-mer gapmers, with 10 deoxynucleotides in the center flanked by 5 nt at each end that are modified by 2 -O-methoxyethyl (2 -MOE). The levels of PS-ASO-targeted mRNAs were determined using qRT-PCR after 24 h of incubation with PS-ASO. The abilities of PS-ASOs to induce degradation of NCL and Drosha mR-NAs were reduced in cells depleted of GCC2 compared to control cells ( Figure 1C and D). Decreased PS-ASO activity was also observed when GCC2 was reduced using different siRNAs (Supplementary Figure S1 ). These and subsequent experiments of ASO activity assay were repeated at least three times, and representative results are shown.
To evaluate whether the effects of GCC2 reduction on ASO activity detected in A431 cells was unique to this cell type, we analyzed PS-ASO activity in HeLa cells depleted of GCC2 by siRNA treatment (Figure 1E and F). Reduction of GCC2 in HeLa cells decreased the activity of PS-ASOs targeting NCL and Drosha mRNAs when ASOs were delivered by free uptake ( Figure 1G and H). Upon transfection, a method that results in bypass of normal endocytic pathways and delivery of ASOs mostly to the cytosol and nucleus (25, 43) , PS-ASO activity was not affected by reduction of GCC2 in either A431 or HeLa cells (Supplementary Figure S2 ). These observations indicate that reduction of GCC2 does not affect PS-ASO activity at steps after ASOs were released to the cytosol or nucleus. Together, our results suggest that GCC2 enhances PS-ASO activity after free uptake by facilitating ASO internalization or endocytic trafficking and that this effect is not unique to a particular cell type.
GCC2 localizes to LEs in PS-ASO-treated cells
Next, to investigate whether GCC2 protein can co-localize with PS-ASOs upon free uptake, immunofluorescence staining was performed in HeLa cells. (For better resolution, we recommend visualization of confocal images on screen). In cells not treated with PS-ASOs, GCC2 was observed at the Golgi (Figure 2A ). After incubation with Cy3labeled PS-ASOs for 24 h, GCC2 was detected at the Golgi and in small foci scattered across the cytoplasm that costained with PS-ASO ( Figure 2B ).
Upon free uptake, PS-ASOs eventually concentrate in LEs and lysosomes in the cytoplasm (16, 24) . The colocalization of GCC2 with PS-ASOs in the cytoplasmic foci suggests that GCC2 might be relocated to LEs or lysosomes. To evaluate this possibility, cells were co-stained for GCC2 and LAMP1, a marker of LEs and lysosomes. Without PS-ASO incubation, GCC2 was barely detected in scattered cytoplasmic LE and lysosome structures ( Figure 2C ). Upon treatment of cells with PS-ASO, GCC2 was co-localized with LAMP1 and with PS-ASOs ( Figure 2D ). This colocalization was confirmed by 3D imaging (Figure 2E ). The localization of other proteins known to reside in the Golgi, such as the cis-Golgi protein GM130 and the trans-Golgi protein TGN46 (44, 45) , were not affected by the presence of PS-ASO, and no significant co-localization with ASOs was detected for these proteins (Supplementary Figure S3 ).
These results suggest that Golgi integrity is not affected by the presence of PS-ASO. GCC2 co-localized with PS-ASOs of different sequences (Supplementary Figure S4A ) and with PS-ASOs containing the constrained ethyl (cEt) modification rather than 2 -MOE (Supplementary Figure S4B ). Furthermore, colocalization of GCC2 with LAMP1 was detected in cells incubated with an unlabeled PS-ASO ( Supplementary Figure S4C) , indicating that the co-localization was not due to the fluorescent dye. ASO-induced GCC2 localization to LEs was also observed in SGVA cells expressing GFP-Rab7, Nucleic Acids Research, 2020, Vol. 48, No. 3 1377 Figure S5C) . These results further suggest that GCC2 relocalization to LEs is a dynamic process. GCC2 localization to LEs was also observed in A431 cells treated with PS-ASO (Supplementary Figure S6 ).
GCC2 localizes to ILVs inside LEs in PS-ASO-treated cells
Previously we showed that in cells treated with PS-ASOs, ANXA2 is observed at distinct foci in the LE lumen (18, 22) , suggesting that some proteins localize to ILVs in cells that have internalized PS-ASOs. To determine whether GCC2 can also co-localize with PS-ASOs in ILVs inside LEs, Cy3labeled PS-ASOs were incubated with SVGA cells that express GFP-Rab7. PS-ASOs were observed as distinct foci inside LEs, marked with GFP-Rab7, and some of these foci co-stained with GCC2 ( Figure 2F ). To confirm that these foci were indeed ILVs, the cells were stained for CD63, a protein found in ILVs (46), or with LBPA, a lipid preferentially located in ILV membranes (47) . The results showed that the PS-ASO-containing foci inside LEs are co-stained with both CD63 and LBPA (Supplementary Figure S7 ), indicating that these foci are membrane-enclosed ILVs.
Reduction of M6PR decreases PS-ASO activity likely by affecting the same pathway as GCC2
As reduction of the Golgi protein GCC2 decreased ASO activity, we evaluated whether reduction of other proteins known to be involved in Golgi function cause similar effects. We first depleted A431 cells of GM130, a Golgi membrane tethering factor that is also involved in maintenance of Golgi structure (48) , by siRNA treatment (Supplementary Figure S8A ). Reduction of GM130 levels did not significantly affect PS-ASO activity upon free uptake (Supplementary Figure S8B ). These results show that not all Golgi proteins affect PS-ASO activity, and that the observed effect of GCC2 reduction on PS-ASO activity is likely related to the specific function of GCC2. It has been demonstrated that GCC2 is required for LE to TGN shuttling of M6PR, which mediates transport of newly synthesized hydrolases from Golgi to LE and then to lysosomes (31, 34) . To evaluate the possibility that disruption of M6PR-mediated trafficking would lead to altered PS-ASO activity, M6PR-CI levels were reduced in A431 cells using two different siRNAs ( Figure 3A) , and the effect of M6PR-CI reduction was evaluated by qRT-PCR quantification of NCL or Drosha mRNAs after incubation of cells with PS-ASOs targeting these mRNAs. Reduction of M6PR-CI levels decreased PS-ASO activity ( Figure 3B and C). Similarly, when cells were depleted of M6PR-CD (Figure 3D) , PS-ASO activity was also decreased ( Figure 3E and F). This indicated that both M6PR-CI and M6PR-CD affect PS-ASO activity in A431 cells. Interestingly, simultaneous reduction of both M6PR-CD and M6PR-CI caused additive effects on PS-ASO activity ( Figure 3D-F) , indicating that the functions of the two proteins do not entirely overlap, consistent with previous observations (39, 40) .
The effects of M6PR reduction on PS-ASO activity were not unique to A431 cells, since reduction of either M6PR-CD or M6PR-CI also decreased PS-ASO activity in HeLa cells ( Supplementary Figure S9A-C) . Furthermore, over expression of M6PR-CD enhanced ASO activity in HeLa cells (Supplementary Figure S10 ). As we observed in cells depleted of GCC2, M6PR reduction did not affect PS-ASO activity when PS-ASOs were transfected into cells (Supplementary Figure S9D and E). Interestingly, simultaneous reduction of both GCC2 and M6PR-CD did not cause additive effects on PS-ASO activity ( Figure 3G-I) . This suggests that GCC2 and M6PR act on the same pathway to influence PS-ASO activity.
M6PR and GCC2 enhance endosomal release of ASOs
Since reduction of GCC2 and M6PR did not affect activities of PS-ASO transfected into cells, we reasoned that factors required for PS-ASO activity after PS-ASO release into the cytosol or nucleus should not be affected by these proteins. Indeed, levels of proteins known to influence PS-ASO activity, including RNase H1, PSF, P54nrb and others (24) (25) 49) , were not substantially altered by reductions of GCC2 or of both M6PR proteins in HeLa cells ( Figure 4A ).
Upon free uptake, PS-ASOs traffic to EEs and then to LEs and then need be released from these endocytic organelles. To identify the trafficking step influenced by GCC2 and M6PR, we first analyzed the effects of GCC2 or M6PR reduction on PS-ASO uptake. HeLa cells were treated with siRNAs targeting GCC2 or both forms of M6PR. The siRNA-treated cells were incubated with Cy3labeled PS-ASOs at different concentrations for 2 h, and internalized PS-ASOs were analyzed using flow cytometry. Reductions of GCC2 or M6PR did not substantially affect the amounts of PS-ASOs taken into cells ( Figure 4B ).
Next, PS-ASO trafficking to EEs was analyzed. HeLa cells depleted of GCC2, or M6PR-CD and M6PR-CI together were incubated with Cy3-labeled PS-ASOs for 25 min, a time point at which PS-ASOs are observed in EEs (18) . PS-ASO localization to EEs was evaluated by costaining of EEA1, an EE marker protein (Supplementary Figure S11 ). Comparable levels of PS-ASO-positive EEs were found in control cells and in cells depleted of GCC2 or M6PR ( Figure 4C ). These results suggest that PS-ASO transport from plasma membrane to EEs is not regulated by GCC2 or by M6PR proteins.
Consistent with previous observations that a small portion of M6PR is present on the cell surface and can enter cells through the endocytic pathway (31, 50) , M6PR-CI co-localized with EEs in HeLa cells (Supplementary Figure  S12A ). However, it appears that M6PR-CI is not required for ASO internalization and EE localization as some PS-ASO-positive EEs, identified by staining with EEA1, did not co-stain with M6PR-CI in cells incubated with PS-ASO for 25 min (Supplementary Figure S12B ). In addition, some M6PR-stained EEs did not contain ASOs. Further, incuba- Figure S12C) . These observations further support the hypothesis that M6PR is not required for ASO internalization and EE localization. Similarly, reduction of GCC2 and M6PR proteins did not affect PS-ASO transport into LEs as shown by immunofluorescent staining of Rab7 in cells incubated with Cy3-labeled PS-ASO for 45 min (Supplementary Figure  S13) , a time at which PS-ASOs are observed in LEs (18) . Comparable LE localization of ASOs was observed in cells treated with a control siRNA and in cells depleted of these proteins, as demonstrated by quantification analyses (Figure 4D) . These data suggest that GCC2 and M6PR may affect PS-ASO release from endocytic organelles. To evaluate this possibility, cells depleted of GCC2, M6PR-CD or M6PR-CI were incubated with a PS-ASO targeting Drosha mRNA for 2 h to allow ASO internalization. Next, ASOs were removed from the medium to terminate uptake, and cells were incubated in fresh medium for an additional 2-24 h prior to analysis of Drosha mRNA by qRT-PCR. The results showed that reduction of GCC2, M6PR-CD, or M6PR-CI caused slower Drosha mRNA degradation by the PS-ASO as compared with that in control cells (Figure 4E) . These observations indicate that GCC2 and M6PR proteins enhance PS-ASO activity by facilitating PS-ASO release, most likely from late endosomes.
M6PR co-localizes with GCC2 at LEs upon PS-ASO treatment of cells
Next, we sought to understand how M6PR and GCC2 facilitate PS-ASO release from endosomes. M6PR is known to shuttle between LEs and TGN (31), it is possible that PS-ASOs escape from LEs through this intrinsic pathway. We thus analyzed how PS-ASO incubation influences M6PR localization. In SVGA cells not incubated with PS-ASO, M6PR-CI mainly localized to the perinuclear TGN region, as expected, and a few scattered dot-like structures were also detected ( Figure 5A and Supplementary Figure S14A ). Some of these dot-like structures co-localized with GFP-Rab7 ( Figure 5A ), consistent with previous reports (51) . After incubation of cells with a PS-ASO, the number of scattered cytoplasmic foci that contained M6PR-CI increased ( Figure 5B and Supplementary Figure S14B ), and these foci were also positive for PS-ASO and Rab7, suggesting increased LE localization of M6PR-CI in the presence of PS-ASO relative to its absence. This was confirmed by quantification of the co-localization between Rab7 and M6PR-CI ( Figure 5C ). M6PR-CD co-localization with PS-ASOs in LEs was also detected in SVGA cells (Supplementary Figure S15 ). In addition, ASO was found to co-move with GFP-M6PR-CD protein in distinct foci in live cells (Supplementary Movie S1), further confirming ASO-M6PR-CD colocalization. As the anti-M6PR-CI antibody performed better than the anti-M6PR-CD antibody, the former was used in subsequent studies.
We next evaluated whether GCC2 and M6PR co-localize upon PS-ASO incubation. HeLa cells were incubated with PS-ASO, and cells were co-stained for GCC2 and M6PR-CI. Co-localization of GCC2, ASO, and M6PR was readily detected and confirmed by 3D imaging (Figure 5D and E; Supplementary Figure S14C ). Interestingly, M6PR-CI and GCC2 co-localization with PS-ASO occurred within 6 h after PS-ASO incubation, and shared similar kinetics, as determined in HeLa cells analyzed after different times of incubation with PS-ASOs (Supplementary Figure S16) .
Reduction of GCC2 and M6PR reduces co-localization of ANXA2 with PS-ASOs
The association of GCC2 and M6PR with LEs upon PS-ASO incubation may affect properties of LE membranes. To evaluate this possibility, HeLa cells depleted of GCC2 or both forms of M6PR were incubated with PS-ASO or not, and cells were stained for ANXA2. ANXA2 preferentially binds to negatively charged phospholipids and is enriched in EEs but also present in the cytosol (52, 53) . Previously we found that, despite the fact that ANXA2 interaction with ASOs is not required, ANXA2 is recruited to LEs when cells are treated with PS-ASOs (18, 24) . In cells depleted of M6PR or GCC2, co-localization of ANXA2 with PS-ASOs was dramatically reduced (Supplementary Figure S17) , suggesting that ANXA2 recruitment to LEs is impaired.
Although changes in the LE membrane might be induced by reduction of GCC2 and M6PR, leading to impaired ANXA2 recruitment to LEs, reduction of M6PR did not affect COPII vesicle recruitment to LEs ( Supplementary Figure S18) , as determined by staining of Sec31a, a COPII vesicle coat protein that is recruited to LEs upon incubation of cells with PS-ASOs (26) . In addition, reduction of STX5, which binds PS-ASOs and is required for COPII localization to LEs (26), did not abolish co-localization of PS-ASO with either GCC2 or M6PR (Supplementary Figure S19) . These results suggest that the recruitment of M6PR and COPII vesicles to LEs occur through different mechanisms.
M6PR-CI co-localizes with PS-ASOs to ILVs
M6PR has been shown to localize to ILVs inside LEs (54) . To evaluate whether M6PR co-localizes with PS-ASOs in ILVs, SVGA cells incubated with Cy3-labeled PS-ASO were stained for M6PR-CI ( Figure 6A ). Like GCC2, M6PR colocalized with PS-ASOs at distinct foci inside LEs ( Figure  6A ; Supplementary Figure S20 and Movie S2). M6PR traffics back from LEs to the TGN in vesicles that bud from LE membranes (31) . Therefore, we next analyzed in more detail whether M6PR can co-localize with PS-ASOs in distinct vesicular structures on the membrane of LEs. At some LEs, PS-ASOs were present in small dot-like structures on the membranes of LEs ( Figure 6B ). Interestingly, M6PR-CI exactly co-localized with these PS-ASO-containing dotslike structures, which are present at the cytosolic face of the LE membrane and lack of Rab7 staining ( Figure 6B) .
This observation raises a possibility that ASOs can escape from LEs in the form of vesicles involved in M6PR trafficking. To determine mechanisms of ASO release from LEs and whether ASOs can escape in the form of small vesicles, we performed live-cell imaging to record PS-ASO movement in SVGA cells that had been incubated with PS-ASO for 16 h (Supplementary Movie S3). From one LE structure ( Figure 6C, dashed and Figure 6D ). In one event, vesicle-like PS-ASO escape was observed ( Figure 6D, upper middle panel) . In the PS-ASO-containing small vesicular structure leaving the LE, there was little Rab7, as shown by the signal intensity profile ( Figure 6D, lower middle panel) . Although it is unknown whether these PS-ASO-positive vesicles contain M6PR, it appears clear that ASOs can escape from LEs in vesicular form.
GCC2 acts at a step that precedes the action of M6PR
Our data indicate that GCC2 and M6PR affect PS-ASO activity by acting on the same pathway. To determine which protein acts first in this pathway, GCC2 levels were reduced in HeLa cells by siRNA treatment (Figure 7A ). In cells treated with the GCC2 siRNA there was more scattered cytoplasmic distribution of M6PR-CI than in cells treated with control siRNA ( Figure 7B ). This is consistent with a Nucleic Acids Research, 2020, Vol. 48 previous report that GCC2 is required for M6PR shuttling as GCC2 tethers vesicles to the TGN membrane (34) . Upon PS-ASO incubation, the number of foci stained for both M6PR and PS-ASO was reduced ( Figure 7C and D) , suggesting that GCC2 is required for M6PR-CI trafficking and co-localization with PS-ASOs. Next, HeLa cells were treated with siRNAs to deplete cells of both M6PR-CD and M6PR-CI ( Figure 7E ). Reduction of M6PR did not affect the Golgi localization pattern of GCC2 ( Figure 7F ). In cells incubated with PS-ASOs but depleted of M6PR, GCC2 co-localized with PS-ASOs in cytoplasmic foci ( Figure 7G ). Quantification showed that PS-ASO co-localization with GCC2 was not significantly affected by M6PR reduction (Figure 7H ). Together, these results indicate that M6PR is not required for GCC2 localization to LEs in the presence of PS-ASO, whereas GCC2 is involved in M6PR trafficking and co-localization with PS-ASOs.
GCC2 and M6PR co-localization with PS-ASOs in LE requires the phosphorothioate backbone
Compared with ASOs that have phosphodiester (PO) backbones, the PS-backbone containing ASOs used in this study have much higher binding affinity for cellular proteins (25, 41) . Thus, it is possible that interactions between the PS-ASO and protein may mediate the protein localization. This possibility is supported by our previous findings that PS-ASO-protein interactions can affect protein localization (25) and that COPII vesicles and STX5 localize to LEs upon PS-ASO incubation in a way most likely mediated by PS-ASO-protein interactions (26) .
We first analyzed the binding property of M6PR-CD with PS-ASOs using the NanoBRET assay recently developed by our group (41) . Due to its relatively small size, M6PR-CD is suitable for the NanoBRET assay. In this assay, the M6PR-CD protein was fused with Nanoluc luciferase, which serves as a donor to transfer light energy to Alex 594 conjugated to the PS-ASO upon binding. M6PR-CD bound to PS-ASO with an affinity of around 75 nM in buffer of pH 7.2 ( Figure 8A ), whereas no significant binding was detected for a PO-ASO (data not shown). In LEs, the pH is around 5.5 (55) . In buffer of pH 5.6, the binding affinity was not substantially different from the affinity at pH 7.2 ( Figure 8B ), suggesting that this protein could bind PS-ASOs even in LEs.
Since PO-ASOs have much weaker protein binding affinities than PS-ASOs (16) , we reasoned that if a PS-ASOprotein interaction is required for GCC2 and M6PR localization to LEs, the presence of a PO-ASO in cells should not alter localization. To evaluate this hypothesis, we synthesized GalNAc-conjugated PS-or PO-ASOs that have the same sequence and 2 -MOE modification patterns. These ASOs were incubated with HepG2 cells, which express the GalNAc receptor ASGR (56) . GalNAcconjugated oligonucleotides are efficiently internalized by these cells (57) . Immunofluorescent staining revealed colocalization between M6PR-CI and the GalNAc-PS-ASO ( Figure 8C, left panel) . However, no obvious co-localization was detected between M6PR-CI and the GalNAc-PO-ASO, although the PO-ASO was internalized to similar levels as the PS-ASO ( Figure 8C, right panel) . Similarly, GCC2 protein co-localized with the GalNAc-PS-ASO ( Figure 8D , left panel), whereas no substantial co-localization was detected for GCC2 and the GalNAc-PO-ASO ( Figure 8D , right panel). Similar observation was also made in ASGRexpressing Hek293 cells (57) , in which the GalNAc-PS-ASO, and not the GalNAc-PO-ASO, co-localized with GCC2 in distinct cytoplasmic foci (Supplementary Figure  S21A and B ). In addition, reduced activity was found for the GalNAc-PO-ASO, as compared with the GalNAc-PS-ASO (Supplementary Figure S21C) . Together, these results suggest that GCC2 and M6PR relocalization to LEs requires PS-modification of ASOs, and that the re-localization is most likely mediated by PS-ASO-protein interactions.
Reduction of M6PR-CI in mouse decreases PS-ASO activity
To determine whether the observed effects of M6PR on PS-ASO activity in human cells also occur in other species, we reduced the levels of M6PR-CD and M6PR-CI mRNAs and proteins in mouse MHT cells by siRNA treatment (Figure 9A-C) . Depletion of M6PR-CI significantly decreased PS-ASO activity ( Figure 9D) , consistent with what was observed in human cells. However, the reduction of M6PR-CD levels did not alter PS-ASO activity in the mouse cells, indicative of a species-specific effect of different forms of M6PR on PS-ASO activity.
To confirm this observation and to determine whether M6PR affects PS-ASO activity in vivo, we identified PS-ASOs targeting mouse M6PR-CD and M6PR-CI mRNAs. Mice were given two subcutaneous injections of 15 mg/kg GalNAc-conjugated PS-ASOs targeting individual M6PR mRNAs or a control PS-ASO. Groups of mice were then treated with PS-ASOs targeting either SRB1 or PTEN mRNA. Animals were sacrificed and liver samples were collected for protein or RNA analysis. The levels of serum ALT and serum AST were normal despite depletion of either M6PR protein, and no differences in body weight or organ weights were observed at the time of sacrifice for mice given targeted PS-ASOs compared to mice given the control PS-ASO (data not shown).
As compared with the control PS-ASO treatment, the M6PR PS-ASOs specifically reduced the levels of the targeted M6PR mRNAs in livers of mice (N = 3) that were subsequently treated with different doses of the PS-ASO targeting SRB1 mRNA ( Figure 9E, upper panel) . Western analyses showed that the levels of M6PR-CI protein were also reduced in livers of mice (N = 3) treated with the ASO targeting M6PR-CI ( Figure 9E, lower panel) . Reduction of M6PR-CI decreased the activities of PS-ASOs targeting SRB1 ( Figure 9F ) and PTEN ( Figure 9G ) in mouse liver as evaluated by qRT-PCR, whereas depletion of M6PR-CD had no substantial effect. This is consistent with the observations made in mouse cells. Together, these results confirmed that M6PR-CI, but not M6PR-CD, is necessary for optimal PS-ASO activity in mice.
DISCUSSION
A better understanding of the intracellular trafficking and endosomal release of PS-ASOs will facilitate the design of PS-ASO drugs that efficiently localize to the site of their targets. Previous studies have shown that productive release of PS-ASOs mainly occurs at LEs or multivesicular bodies, and different potential mechanisms have been proposed for the escape of PS-ASOs from these organelles (12, 16, 27) . Some proteins have been found to localize to LEs and facilitate PS-ASO trafficking and release (18, 24) . In addition, COPII vesicles, which function as part of the ER-Golgi transport machinery, can be recruited to LEs to ensure efficient PS-ASO release (26) . These observations suggest that multiple intracellular machineries can be harnessed to facilitate PS-ASO release. Indeed, here we show that the TGN-LE transport pathway can also facilitate productive PS-ASO release from the endocytic pathway. The GCC2-mediated LE to TGN retrograde transport pathway is involved in intracellular transport of Shiga toxin and M6PR (34, 58) . We found that in cells deficient in GCC2, PS-ASO activity was impaired upon free uptake. In addition, depletion of either M6PR-CD or M6PR-CI also reduced PS-ASO activity in different types of human cells, and simultaneous reduction of the two M6PR proteins caused additive effects. These results suggest that the functions of the two M6PR proteins do not entirely overlap and that both proteins facilitate PS-ASO activity in human cells. Consistent with previous reports that GCC2 mediates M6PR trafficking (34), we found that GCC2 and M6PR likely affected PS-ASO activity by acting on the same pathway, as co-depletion of M6PR and GCC2 did not cause cumulative effects. As a control, we reduced levels of another Golgi protein, GM130, in human cells. GM130 has no demonstrated role in M6PR transport and did not affect PS-ASO activity. These observations suggest that a functional M6PR-mediated LE to TGN transport pathway, rather than individual GCC2 and M6PR proteins, is required for optimal PS-ASO activity.
Importantly, we found that reduction of M6PR-CI in mouse cells and in mice also reduced PS-ASO activity, indicating that this pathway might be conserved between human and mouse. However, in contrast to human cells, reduction of M6PR-CD in mouse cells and in mice had no significant effect on PS-ASO activity. This suggests that the two forms of M6PR may have species-specific effects. This is not entirely unexpected, since levels of expression of the two forms of M6PR vary in different cells (40) and M6PR-CI may handle most of the traffic (39) .
Depletion of GCC2 or M6PR did not affect PS-ASO activity when PS-ASOs were delivered by transfection. Thus, we analyzed internalization, endocytic transport, and endosomal release steps individually. We found that reduction of GCC2 or M6PR proteins did not substantially affect PS-ASO internalization. Although about 10% of M6PR-CI protein is present on plasma membranes (38) , the cell surface M6PR-CI is not required for ASO internalization, as the presence of M6PR-CI in EEs was neither necessary nor sufficient for co-internalization of PS-ASOs. In addition, the extents and kinetics of PS-ASO localization to EE and to LEs were not affected by reduction of GCC2 or M6PR proteins. That the M6PR-mediated LE to TGN transport affects PS-ASO release from LEs was confirmed by the results of a kinetic study of PS-ASO activity.
To better understand how the LE to TGN transport pathway affects PS-ASO release, immunofluorescent staining was performed. Surprisingly, we found that upon incubation of human cells with a PS-ASO, GCC2 was recruited to LEs in a time dependent manner. The kinetics of GCC2 colocalization with PS-ASOs at LEs correlated with the kinetics of PS-ASO-mediated RNA reduction (16) , supporting a role of GCC2 in PS-ASO release from LEs. Interestingly, M6PR also co-localized with ASOs in LEs. The LE localization of M6PR-CI increased in a time-dependent manner after PS-ASO addition to cells, similar to the kinetics of GCC2 co-localization with PS-ASOs in LEs, suggesting that PS-ASOs may enhance the shuttling of M6PR between LEs and the TGN.
Consistent with a previous report (34) , we observed that reduction of GCC2 caused an increase in cytoplasmic localization of M6PR and reduced PS-ASO co-localization with M6PR in LEs. However, reduction of M6PR did not alter the localization pattern of GCC2 or the co-localization of GCC2 with PS-ASOs at LEs, indicating that GCC2 acts at a step upstream of M6PR during the process that enhances PS-ASO release. This is similar to our previous observations that STX5 is required for COPII vesicle recruitment to LEs and not vice versa (26) . However, it appears that the LE recruitment of M6PR and COPII vesicles occurs via different pathways, as reduction of GCC2 or M6PR did not affect co-localization of COPII with PS-ASOs and reduction of STX5 did not disrupt PS-ASO co-localization with either GCC2 or M6PR. These observations further suggest that PS-ASOs can escape from the endocytic pathway through different pathways, and these multiple release pathways may act together to contribute to ASO activity.
Indeed, several different ASO escape events from the same LE were captured by live cell imaging (Supplementary Movie S4), including vesicle-like escape and membrane leakage, suggesting that different release pathways exist even for the same endosome. In addition, we showed previously that although ILV-mediated back fusion process contributes to ASO release, disruption of ILV formation by modulating LBPA levels did not completely inhibit ASO activity and release, and that not all ASOs in LEs are present in ILVs (22) . These observations, together with previous findings that reduction of ANXA2, TCP1 or AP2M1 all modestly affect ASO activity (18, 20, 25) , suggest that multiple release pathways coexist. These different release pathways, e.g. protein binding-mediated membrane deformation, back-fusion mediated release from ILVs, and vesiclemediated escape from LEs, may each contribute to certain degree, independently or cooperatively, generating the pool of cellular productive ASOs. This view is also supported by the observation that no single protein factor (except RNase H1) was found to play a dominant role in ASO activity in a genome-wide screening using shRNAs (Alexey Revenko, personal communication).
Interestingly, reduction of GCC2 or M6PR decreased co-localization of ANXA2 with PS-ASOs at LEs. ANXA2 interacts with negatively charged phospholipids and is recruited to LEs upon PS-ASO incubation (24, (52) (53) , likely by co-transport from EEs to LEs and by recruitment of ANXA2 from the cytosol to the LE membranes (18) . Re-
